Abstract: Among dioecious plant species, it is common for the males to grow faster than the females. In this study, we investigated the effects of gender on the growth and wood properties of Salix suchowensis Cheng ex Zhu. using a full-sib pedigree. We observed that the segregation of sex followed a 1:1 ratio and that gender significantly affected growth traits, including tree height, ground diameter, and biomass production. Additionally, the females generally performed better than the males, which is in contrast to the common scenario for dioecious plant species. There is currently relatively little information regarding gender effects on wood properties. Therefore, we also measured the basic wood density and cellulose, hemicellulose, and lignin contents. We determined that any differences between the male and female trees regarding these wood property traits were insignificant. Recent studies revealed that the sex of willow trees is controlled by a ZW sex determination system in which the female is the heterogenic gender. Because female heterogamety is relatively rare in higher plants, our findings may be relevant for characterizing the gender effects on biological performance in dioecious plants regulated by the ZW sex determination system.
Introduction
Dioecy in plants has attracted considerable attention among botanists since Darwin's time (Wang and Griffin 2003) . Dioecy refers to the division of male and female reproductive functions in separate individuals, with males producing pollen and females producing seeds (Lloyd and Webb 1977) . Although dioecious species represent only about 4%-6% of the total number of higher plant species (Renner and Ricklefs 1995) , they are important components of terrestrial ecosystems. Sex-related differences in the vegetative growth of sexually dimorphic plants have long been a primary research interest (Lloyd and webb 1977; Sakai and Sharik 1988) . Seed production was reported to require more resources than pollen production. Consequently, the greater allocation of resources toward vegetative growth in male plants led researchers to assume that males exhibit superior growth traits (Lloyd and Webb 1977; Elmqvist et al. 1991) . Previous studies concluded that the male plants of several dioecious species perform better in terms of vigor and form than the female plants (Farmer 1964; Allen and Antos 1993; Shea et al. 1993) ; however, other studies revealed that females are commonly capable of growing as quickly as males (Gauquelin et al. 2002) or sometimes even faster (Grant and Mitton 1979; Gross and Soule 1981) .
Growth performance affects the competitiveness of a particular individual. Willows (Salix species) and poplars (Populus species) are dioecious plants in the Salicaceae family. Early empirical observations in natural populations of several Populus species revealed a preponderance of males and male superiority in vigor and form, especially under harsh environmental conditions (Farmer 1964 ). In contrast, most studies detected female-biased sex ratios in natural willow populations, likely due to various environmental and ecological factors Balfour 1983, 1990; Elmqvist et al. 1988; Danell et al. 1991) . A 1:1 male to female ratio has occasionally been observed in natural willow populations (Kaul and Kaul 1984) . Alström-Rapaport et al. (1997) reported that under homogeneous environmental conditions, the sex ratio ranged from an extreme female bias to an extreme male bias in 13 full-sib families of Salix viminalis L. Their study suggested that S. viminalis gender determination followed a multilocus epistatic model. However, more recent studies have consistently shown that the sex of willow species, including S. viminalis, is governed by a single locus (Semerikov et al. 2003; Hou et al. 2015; Pucholt et al. 2015) . The sex of willows is determined by the ZW system in which the female is the heterogametic gender (Hou et al. 2015; Pucholt et al. 2015) . In most of the aforementioned studies, only a limited number of individuals were investigated. For a more comprehensive characterization of gender segregation and the effects of gender on growth, experiments involving a large number of individuals with homogeneous genetic and environmental backgrounds are necessary.
In addition to its effect on growth, gender may also affect wood quality. Wood is composed of the following three major chemical components: cellulose, hemicellulose, and lignin. Cellulose and hemicellulose are polysaccharides that form a considerable part of the dry mass of wood (Chow and Rolfe 1989) . Lignin is a type of phenolic polymer that consists of three hydroxycinnamyl alcohol precursors (Boerjan et al. 2003; Davin and Lewis 2005) . Wood compositions affect cell wall structures and functions and ultimately influence the commercial value of the raw material (Plomion et al. 2001; Boudet et al. 2003; Yin et al. 2010 ). The cellulose, hemicellulose, and lignin biosynthetic pathways are affected by hormones produced by males and females during the growth process. Thus, the contents of these major chemical components may vary between males and females. Because of a lack of experimental data, the gender effects regulating the wood properties of dioecious woody plants have not been fully characterized.
Salix suchowensis Cheng ex Zhu. is a shrub willow that is widely distributed in central China. This willow species is mainly used as a source of basket-weaving material, and its application was first recorded in a document from the Spring & Autumn Period in China (BC 300). Because of its excellent coppicing ability, S. suchowensis is also considered to be a promising woody species for biomass plantations. Seedlings of this perennial shrub willow can be 2 m tall and can reach sexual maturity 1 yr after being transplanted in the field. Unlike the gigantic trees, S. suchowensis is an earlyflowering plant that is easily hybridized with other species. Additionally, because it is small, it is a desirable plant material for investigating the gender effects on the biological performance of dioecious plants. In this study, we produced a large full-sib pedigree for this willow species and conducted a large-scale field trial with many progenies in their natural habitat. In dioecious plant species, the males are commonly the heterogamic gender (Ming et al. 2011 ) and normally exhibit superior vigor and form when compared with the females. In contrast, the females are the heterogamic gender in willows (Hou et al. 2015; Pucholt et al. 2015) . The objectives of this study were as follows: (i) study the sex segregation ratio of this willow species under a homogeneous environmental background and (ii) investigate the gender effects on plant growth and wood properties. Because plant species with heterogamic females are relatively uncommon (Charlesworth 2013) , this study may provide unique insights into the gender effects of dioecious plants that are regulated by the ZW sex determination system.
Materials and Methods

Materials
A full-sib cross was established in February 2010. The maternal parent was sampled from Xinyi, Jiangsu, People's Republic of China, while the paternal parent was collected from Linshu, Shandong, People's Republic of China. At the end of March, mature seeds were collected and immediately sown in a seedbed maintained in a greenhouse. Two months later, seedlings were transferred to individual containers and grown in the greenhouse until the end of October. The cultivated seedlings were planted in a field nursery (30 cm × 30 cm) in random order. A border consisting of two rows of cuttings from the maternal parent surrounded all sides of the field. The field trial was conducted at the Chenwei Forest Farm in Sihong County, Jiangsu, which is located at the center of the natural habitat of S. suchowensis.
Gender assessment
All progenies reached sexual maturity 1 yr after seedlings were transferred to the field. Willow flowers bloom in early spring before the leaves appear, and the male and female flowers are arranged in morphologically different catkins. The flowers are attached to the rachis of the catkin and are seated in a cup-shaped disk. The male and female willow flowers lack calyx or corolla. The male flowers consist of a group of stamens inserted on a disk, while the female flowers include a single-celled ovary seated in a cup-shaped disk (Fig. 1) . In February 2012, the gender of each individual was determined based on the distinct features of male and female flowers.
Growth trait measurements
At the end of December 2013, the aerial parts of each seedling growing in the field were harvested. We measured the growth traits, including tree height, ground diameter, and fresh biomass. Tree height was determined using a measuring tape at a precision of 0.1 cm, and the ground diameter was measured with a vernier caliper at a precision of 0.01 mm. The biomass of the aerial plant parts was determined using an analytical balance at a precision of 0.01 g.
Wood basic density measurement
Wood basic density was measured according to a water displacement method (Olesen 1971) . The bark was removed from the stems of a randomly selected subset of 130 progenies (i.e., 65 males and 65 females). A 5 cm sample was collected from the lower part of the stem of each individual and used for wood basic density measurements. The rest of the stem sample was oven-dried at 105°C and then ground into a powder. The powdered samples were filtered through an 18-mesh sieve and stored in sealed plastic bags for subsequent analyses of chemical compositions. The wood basic density was calculated according to the following formula: ρ y = m 0 /V max , where ρ y represents the wood basic density (g cm −3 ), m 0 refers to the oven-dried mass (g), and V max represents the saturated volume (cm 3 ).
The oven-dried mass was obtained by drying the samples at 105°C until they reached a constant weight. The oven-dried samples were soaked in water, and the saturated volume was calculated according to drainage method (Olesen 1971) .
Major chemical composition measurements
The hemicellulose, cellulose, and lignin contents of the aforementioned 130 progenies were measured according to the detergent fiber analysis method described by Van Soest et al. (1991) . The neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and acid-insoluble ash (AIA) contents were measured using the FIWE 6 raw fiber determination system (Velp Scientifica, Usmate Velate, Italy). For the NDF measurement, a mixture containing 1 g wood sample, 0.5 g sodium sulfite, 100 mL neutral detergent, and 3-5 drops n-caprylic alcohol was heated to reflux for 1 h. The mixture was filtered and the solid material was washed with boiling water and acetone. The remaining precipitated material was oven-dried at 105°C until reaching a constant weight, after which the NDF content was measured. To measure the ADF content, a mixture containing the residue from the NDF analysis, 100 mL acid detergent, and 3-5 drops n-octynol was heated to reflux for 1 h. The mixture was treated as described above prior to measuring the ADF content. To analyze the ADL content, 30 mL sulfuric acid (72%) was added to the residue remaining following the ADF measurement. The mixture was incubated at room temperature for 3 h. The remaining precipitated material was washed with boiling water and oven-dried to a constant weight at 105°C, after which the ADL content was measured. Finally, the remaining residue was incubated in a muffle furnace at 550°C. To determine the AIA content, the resulting ash was cooled in a desiccator and weighed.
Statistical analysis
Data were analyzed using the SPSS package (Coakes and Steed 2001) .
Results
Segregation of gender
Based on floral features, 273 and 285 progenies were identified as males and females, respectively. A χ 2 test revealed that the sex ratio of the progenies did not significantly depart from a 1:1 segregation ratio ( χ 2 = 0.2581, < χ 2 0.05 = 3.841).
Gender effects on growth traits
Growth traits, including tree height, ground diameter, and fresh biomass, were measured for 558 progenies of the established S. suchowensis pedigree (Table 1 ). An analysis of the ground diameter, tree height, and biomass data revealed that the largest ground diameter (15.88 mm) was observed for a female sample. The tallest tree (298.5 cm) was also female. The shortest tree (95.5 cm) and the tree with the lowest biomass (12.29 g) were males. However, the highest biomass (513.60 g) was observed in a male individual. The mean values of these parameters were all greater in the female trees. The analysis of variance revealed significant differences between the male and female individuals (P < 0.01) ( Table 2) . Therefore, the females performed significantly better than the males in terms of growth traits.
Variations in wood basic density and chemical compositions between genders
Basic density is one of the most important properties of wood, and considerably affects the quality and economic value of wood products. Wood density varies with growth conditions and measured samples. Generally, the stems are denser than the branches. Additionally, faster growth is usually associated with lower wood density (Gapare et al. 2010) . For comparisons, we sampled the same part of each plant (Table 3 ). The lowest wood basic density value was recorded for a male individual, while the highest value was observed for a female tree. The average wood basic density of female trees was higher than that of male trees. However, the analysis of variance indicated that the difference in wood basic density between male and female trees was insignificant.
In addition to wood basic density, the main chemical components of wood are also very important parameters affecting wood quality. In this study, we analyzed the cellulose, hemicellulose, and lignin contents. The lowest cellulose (47.91%), hemicellulose (16.52%), and lignin (12.28%) contents were detected in male samples. In contrast, the highest cellulose (57.00%), hemicellulose (23.76%), and lignin (16.43%) contents were detected in female trees. Although there were slight differences between the male and female trees, the analysis of variance indicated these differences were not significant (Table 4) . Note: SE, standard error; CV, coefficient of variance; range is expressed as minimummaximum.
Discussion
A female-biased sex ratio is commonly observed in natural populations of willow species Balfour 1983, 1990; Elmqvist et al. 1988; Danell et al. 1991 ). This bias is partly due to differential feeding by mammalian herbivores (Elmqvist et al. 1988; Danell et al. 1991) and a lower viability of males (Crawford and Balfour 1990; Åhman 1997) . In this study, analyses of growth traits indicated that gender significantly affected growth, with females generally performing better than males. In natural willow populations, plants normally occur in cohorts, and fast-growing individuals will be more competitive, which increases their survival rate. Coppice willows are appropriate for vegetative propagation. Female willows tend to undergo vegetative propagation more extensively than male plants because of their superior growth traits. Thus, the reproductive habit of willows is likely an important factor influencing the sex ratio bias. Several studies have concluded that male and female willows respond differently to environmental factors, with females normally performing better than males under stress conditions Balfour 1983, 1990; Elmqvist et al. 1988; Danell et al. 1991) . We conducted this study in the central area of the natural S. suchowenesis habitat, and determined that gender segregated in a 1:1 ratio. Under favorable environmental conditions, there is unlikely to be any selective pressure favoring the male or female plants. It is noteworthy that the gender segregation ratio in the analyzed pedigree indicated that the gender of willows was governed by a single locus, which is consistent with the findings of earlier studies (Semerikov et al. 2003; Hou et al. 2015; Pucholt et al. 2015) . It is unlikely that the gender of willows is regulated by multiple loci as indicated by Alström-Rapaport et al. (1997) .
Recent studies revealed that unlike the XY sex determination system (i.e., male heterogamety) in many higher plants, willows are regulated by a ZW sex determination system (i.e., female heterogamety) (Hou et al. 2015; Pucholt et al. 2015) . Plant species with heterogamic females are relatively uncommon (Charlesworth 2013) . Therefore, willow trees provide a unique system for exploring the gender effects in such plants. In this study, we analyzed a full-sib pedigree. Because gender was the only factor under consideration, all other genetic differences were homogenized between the males and females in the analysis of variance. Compared with natural populations, a full-sib pedigree may be more appropriate for eliminating the effects of factors other than the gender locus itself. Additionally, we grew plants under relatively uniform field conditions to eliminate environmental effects. Thus, our experimental design enabled us to focus on gender effects. Based on a sample of 273 males and 285 females, we revealed that gender significantly affected growth traits, with the females generally growing faster than the males. These findings were consistent with the results of a previous study involving S. arctica Pallas (Crawford and Balfour 1990) . It is noteworthy that these observations were inconsistent with the hypothesis that female willow trees consume more resources for sexual reproduction than male willow trees, thereby leading to slower vegetative growth. Elmqvist et al. (1991) reported that female willows have relatively high concentrations of tannin and salicortin, which provide protection from vertebrate herbivores. This finding was confirmed in another study in which male willows were damaged more than female willows by herbivores feeding on vegetative tissues (Hjältén 1992) . However, the plant materials in our study were not exposed to similar stresses. Whether the female growth superiority is associated with the ZW sex determination system is an interesting question worthy of further study.
Previous investigations focused on the morphological and physiological differences between the male and female plants of many dioecious species (Dawson and Bliss 1989; Laporte and Delph 1996; Espirito-Santo et al. 2003) . However, little is known about the gender effects on wood properties. To the best of our knowledge, our study is the first to study this aspect. We observed that although there were significant growth differences between the female and male willow trees, gender did not significantly affect basic wood density and cellulose, hemicellulose, and lignin contents.
Salix suchowensis is a small shrub that reaches sexual maturity relatively early. All plants flowered within 1 yr of being transplanted from containers in the greenhouse to the field. During the commercial production of S. suchowensis, trees are normally annually harvested before flowering. For tree species with a long juvenile period, growth traits and wood properties are normally investigated at age of the half rotation cycle. In this study, shrub willow progenies were grown in a container for 1 yr and in the field for 2 yr. These plant materials should be appropriate for investigating the gender effects in this early-flowering willow species. This study provides essential information for characterizing the gender effects on the growth and wood properties of willows.
